Pupil responses triggered by specific stimulus attributes such as spatial structure, colour and light flux changes were measured in eight domestic fowl. Comparative experiments were also carried out in human subjects. The results were unexpected in that large increments in light flux caused only small constrictions of the pupil. A red stimulus, on the other hand, caused a relatively large pupil response, but a green stimulus was less effective. This finding suggests that the size of the pupil, apart from being controlled by welldescribed pretectal pathways that mediate luminance responses, is also subject to other inputs. The pupil response in the domestic fowl may therefore make an effective quantitative indicator of things of significance to the animal. In some ways these observations are similar to other findings in primates in that the processing of stimulus attributes such as colour and structure that are not normally associated with the light reflex pathway can cause a pupil response. The fowl pupil does however respond very fast when large light flux changes or red stimuli are involved. Results obtained with sinusoidally modulated light flux changes reveal a short response latency of 105 ms ðSD ¼ 8:3Þ. In contrast, human responses measured for similar stimulus conditions reveal a latency of 434 ms ðSD ¼ 36Þ. The speed of pupil response in the fowl is significantly higher than in humans, but the response amplitude is usually small. Another interesting observation is the lack of sustained response to changes in ambient illumination. These findings suggest that the input to the pupilloconstrictor neurones in the fowl consists largely of transient neurones with little sustained component. Ó
Introduction
Many vertebrates, including the domestic fowl (Li & Howland, 1999; Schaeffel, Howland, & Farkas, 1986) have pupils that vary their diameter according to the level of ambient illumination helping to regulate the amount of light incident on the retina. This response is primarily mediated via well-described midbrain pathways (Erichsen, Hodos, & Evinger, 2000) . In humans, however, pupil size is not only governed by such subcortical pathways, but is also regulated by more central components which account for pupil size changes in response to colour, structure and movement in the absence of net changes in total light flux (Barbur & Forsyth, 1986; Barbur, Harlow, & Sahraie, 1992) . To what extent the pupil of birds is subject to such 'higher' level influences is not clear, although it has long been known to respond to factors other than the ambient light level. Mann (1931) , for instance, noted that ''The size of the pupil appears to be under voluntary control in most birds, and not to depend on intensity of illumination'', whilst Walls (1963) stated ''one notes the lack of precise adjustment of the avian pupil to illumination. It plays so much that, although experimental proof is as yet lacking, many workers have suspected it of being under the bird's voluntary control''.
To gain a clearer understanding of the dynamics of the avian pupil response and the factors influencing pupil diameter, we performed a series of experiments to examine the responses of domestic fowl to light flux changes, grating patterns and coloured stimuli. Vision Research 42 (2002) [249] [250] [251] [252] [253] [254] [255] www.elsevier.com/locate/visres 2. Materials and methods
Subjects
Thirty adult laying hens (ISA Brown) were obtained at 16 weeks of age (point of lay) from a commercial supplier (ISA Poultry Services Ltd.). Initially they were reared indoors, and then moved into a small outdoor paddock. Ten hens were selected at random for use in this study. Eight human subjects, all normal trichromats with LogMAR visual acuity of 0 (i.e., 6/6) or better, also took part in this investigation. These subjects were either research students or academic staff (mean age 33 years, SD ¼ 8:7).
Apparatus
The diameter of the pupil was measured at a sampling rate of 50 Hz using a modified version of the P_SCAN system (Alexandridis, Leendertz, & Barbur, 1992; Barbur, Thomson, & Forsyth, 1987) . The illumination of the iris for pupil imaging is achieved by means of a 5 ms pulse of infrared light (k ¼ 860 nm) that is synchronised with the onset of each video frame so as to generate sharp images of the pupil, even in the presence of rapid eye movements. The sensitivity of the eye at this wavelength is negligible, both in the human and the fowl. The pupil measurement accuracy of the P_SCAN system exceeds 0.01 mm and this is achieved by fitting a circle to the points of intersection formed by the horizontal scan lines and the boundary of the pupil image. The visual stimuli were generated on a 21 00 Sony Trinitron monitor (Model 500PS) driven by an ELSA Gloria XL 10 bit graphics card. The spectral radiance output of each phosphor was measured using a Gamma Scientific telespectroradiometer (Model 2030-31) . In addition, the luminance output of each phosphor for each possible gun voltage value was measured automatically using an LMT 1002 luminance meter. These measurements provide the display calibration data needed to generate any specified colour/luminance combination within the limits of the phosphors of the display. A number of different stimuli were generated in this way using standard colorimetric transformations (Wyszecki & Stiles, 1982) . Several pupil response traces were averaged for each stimulus condition and the parameters of interest were extracted using either interactive graphical methods, in the case of pupil responses to a single flash (Alexandridis et al., 1992) , or discrete Fourier transform (DFT) techniques, in the case of sinusoidally modulated stimuli. The hens viewed the display binocularly from a distance of approximately 30 cm. The screen was also viewed binocularly in experiments with human subjects, but the viewing distance was 50 cm so as to reduce fluctuations of accommodation (see caption to Fig. 1 for more explanations). The pupil was imaged through a large dichroic infrared reflecting mirror so as to avoid any obstruction of the stimulus in the measured eye.
Visual stimuli
The experiments carried out involved three different visual stimuli:
1. Measurement of steady-state pupil size as a function of uniform background luminance level of the visual display. The purpose of this experiment was to establish the extent to which the domestic fowl pupil regulates the level of retinal illuminance and how this compares to the human pupil. Details of experimental parameters are given in the caption to Fig. 1 . 2. Pupil responses to sinusoidal modulation of luminance contrast. In these experiments the stimulus was a uniform disc placed in the centre of a much larger background field. The luminance of the disc was modulated sinusoidally at a number of modulation frequencies and the parameters of interest (i.e., the pupil response amplitude and phase at the modulation frequency) were extracted automatically from the averaged response trace using DFT methods (Barbur, Weiskrantz, & Harlow, 1999) . 3. Pupil measurements in response to either equiluminant flashed gratings or to isoluminant chromatic stimuli. Equiluminant gratings do not cause a net change in light flux level on the retina and the chromatic stimuli were rendered ''isoluminant'' by making any luminance change, in the case of the hen's eye, ineffective by employing dynamic luminance contrast noise (Barbur et al., 1994a) .
Photometric considerations
Since photometric units for the hen's eye are not available, all display measurements were carried out in either CIE photometric units (CIE, 1931) or absolute radiometric units. Light flux increments with white light stimuli (CIE co-ordinates (x; y): 0.305, 0.323) against a uniform background field of the same relative spectral power distribution cause signals that are directly proportional in any system of photometric units. Luminance contrast for grating stimuli remains unchanged for the hen's eye, provided achromatic gratings are employed. The gratings used in our tests were of equal space-averaged luminance to that of the uniform background field (i.e. ''equiluminant''), thus causing no net change in light flux on the retina. The system of units employed therefore presents no problem as far as these stimuli are concerned.
Pupil colour responses, on the other hand, are more difficult to isolate even in human subjects since complete isoluminance is difficult to achieve when spatially large and highly saturated chromatic stimuli are employed (Barbur, Harlow, Sahraie, Stoerig, & Weiskrantz, 1994b) . The domestic fowl has receptor pigments with different spectral response characteristics to human subjects (Bowmaker, Heath, Wilkie, & Hunt, 1997; Prescott & Wathes, 1999; Wortel, Rugenbrink, & Nuboer, 1987) and therefore stimuli of different spectral content that appear coloured and are isoluminant to the human eye are likely to generate colour as well as luminance changes as seen by the hen's eye. A new technique was developed to overcome these problems (Barbur, Harlow, & Plant, 1994a; Barbur, Birch, & Harlow, 1996) . To minimise the effect of luminance contrast changes, the coloured stimuli were buried in dynamic luminance contrast noise. In human vision the detection of chromatic signals is largely unaffected by the presence of luminance contrast noise (Barbur et al., 1994a) . The technique is effective in isolating the use of chromatic signals by masking the detection of any residual luminance contrast component when an isoluminant, coloured stimulus is presented to the eye. The stimulus consists of an array of checks, a subset of which forms the isoluminant colour stimulus. The luminance of each check in this array varies randomly with equal probability within a range specified as a percentage of the background luminance. This technique was originally developed for use with colour deficient subjects that do not have the same spectral luminous efficiency function as the standard human observer. The stimulus colours available in this test were restricted to two directions of chromatic displacement for which the stimulus was both photopically and scotopically isoluminant for normal human vision (Barbur et al., 1999) . A normal trichromat perceives these directions of chromatic modulation as ''red'' and ''green'' colours. No other colour directions could be investigated in this study. It is of interest to ask how confident we can be that the method employed to generate coloured stimuli isolates pupil responses to chromatic signals in the fowl. First, studies in colour deficient human observers show that this technique provides a high level of luminance contrast masking and isolates the use of chromatic signals in both psychophysical and pupillometric tests (Barbur et al., 1996) . Second, the pupil colour response is large whilst the pupil light reflex response in the fowl turns out to be relatively small, even when large light flux changes are employed (Figs. 1 and 2 ). These observations suggest that when the coloured stimulus is buried in dynamic luminance contrast noise, the perceived colour change is the only major attribute available to trigger a pupil response.
Trials
During any one trial, a bird was partially restrained in a purpose-built enclosure. The movements of the bird's head were minimised by means of a loose harness. All birds were monitored closely for signs of distress, and when this was detected the trial was terminated. Of the 10 birds studied, eight responded appropriately to the conditions of the experiment, although some tended to drift into a catatonic state, resembling sleep or perhaps tonic immobility. When this happened, the test was terminated and the bird returned to the paddock. Several runs were needed to complete the set of pupil measurements on each bird. The experiments with human subjects were similar, but easier to carry out. The subject viewed a fixation target in the centre of the screen. A magnified image of the pupil was displayed on a video monitor. The experimenter pressed a button to initiate the presentation of the stimulus and the recording of the corresponding pupil response trace. Several pupil response traces were measured for the same stimulus and the response amplitude and latency calculated from the averaged trace (see captions to figures ).
Results

Steady-state pupil size
The relationship between mean pupil size and the level of ambient illumination is shown in Fig. 1 . In the domestic fowl the mean pupil size varies from $5.3 mm under near-dark conditions (i.e., screen luminance $0.05 cd m À2 ) to just over 4 mm for a screen luminance of 90 cd m À2 . This pupil size change causes a mere 1.7 fold reduction in retinal illuminance level. The human pupil, on the other hand, varies from $6.5 mm for near dark to just under 3 mm for the same change in screen luminance (i.e., a 5-fold reduction in retinal illumination level). This difference is startling given that the greater eye-to-screen distance used in the human experiments causes an approximately 2.7-fold decrease in captured light flux level for the same pupil size when compared to the fowl eye (see caption to Fig. 1 ). These findings suggest that compared to a human eye, the steady-state pupil size changes in the fowl as a function of ambient light are relatively modest.
Pupil responses to sinusoidally modulated stimuli
Both humans and fowl responded well to a number of temporal modulation frequencies in the range 1-6 Hz, although the fowl eye continued to respond to much higher temporal frequencies than the human eye. We could not, unfortunately, complete the data sets in all hens for each of the frequencies investigated. The mean pupil trace in response to sinusoidal light flux modulation at a frequency of 2 Hz, is shown in Fig. 2 , together with similar data measured in a group of human subjects. The fowl data show averaged responses measured in eight hens. The phase shift of the response with respect to the stimulus can be used to compute a measure of pupil response latency. The human data yields a phase latency of 434 AE 36 ms (see Fig. 2B ). In human subjects, this is usually twice as long as the latency associated with the onset of the response to a single flash (i.e., $230 ms as shown in Fig. 3B ), and relates more to the time needed to achieve maximum constriction, when single flashes are employed. It is interesting to note that this is also the case in the fowl with an onset response latency of just over 50 ms for single flashes and a phaseshift time delay of $105 ms ðSD ¼ 8:3Þ, as measured from the response shown in Fig. 2A . The mean pupil diameter change to light flux modulation in the fowl was again very small $0.075 mm, with a group standard deviation of 0.023 mm. The mean response averaged over six human subjects yields a pupil response latency of 434 ms (Fig. 2B) , with an amplitude of 0.145 mm ðSD ¼ 0:045Þ. The human response also shows the characteristic decrease in mean pupil size (Varj u u, 1967; Troelstra, 1968) at the onset of stimulus modulation. À2 that provided steady-state light adaptation. A number of temporal frequencies were employed (range 1-6 Hz) with maximum contrast modulation ($100%). Data shown are for 2 Hz modulation. A minimum of 12 responses were averaged for each subject and the mean response traces for eight hens are shown in section A. Similar data obtained by averaging response traces for six human subjects are shown in section B. DFT analysis of the mean response trace was used to extract the parameters listed in the inset to each graph (i.e., pupil diameter change at the modulation frequency (dd), response phase shift with respect to the stimulus (lag), signal to noise ratio (S=N), and a measure of response nonlinearity (N=L)). Each stimulus trace shown was shifted horizontally through the measured response delay. This yields the best match to the corresponding pupil response trace.
This effect is completely absent in the fowl at a frequency of 2 Hz. The absence of this effect in the fowl is probably due to the much shorter latencies involved and the similar time for constriction and redilation following exposure to a brief flash of light.
Pupil responses to light flux increments, gratings and chromatic stimuli
Brief (500 ms) exposure to an achromatic light flux increment, a green stimulus and an equiluminant grating of equal size failed to evoke a significant pupil response in the fowl (Fig. 3A) , although the same stimuli elicit large pupil responses in normal human subjects . The isoluminant red stimulus, on the other hand, produced a large response (i.e., over 0.3 mm constriction of the pupil, see Fig. 3A ) even when, in the absence of a colour change, a 2.4-fold increase in light flux level for the same stimulus size fails to cause a significant constriction of the pupil (i.e., the square symbols in Fig. 3A) . Typical human pupil responses to the same stimuli, but viewed from a distance of 50 cm are shown for comparison in Fig. 3B .
Discussion
The structure of the avian iris musculature (Mann, 1931) , and in particular its development (Barrio-Asensio & Murillo-Gonzalez, 1999; Link & Nishi, 1998) , have received much attention. In contrast to the smooth muscles of mammals, the iris muscles of birds are striated. Thus, the pupil response of the avian iris is significantly faster than that of man (see dotted line in Fig.  3B ) and the latency of the fowl response to light flux changes described here ($50 ms) is similar to that described for other birds, including, for example, pigeons (Gundlach, 1934) and owls (Bishop & Stark, 1965; Schaeffel & Wagner, 1992) . In addition to the striated iris muscle, there may also be other factors that contribute to short response latencies. The much shorter neural pathway involved in the fowl must contribute to this fast response. Pupil onset response latencies in the rhesus monkey have also been shown to be 80-100 ms shorter than the corresponding human responses (Gamlin, Zhang, Harlow, & Barbur, 1998) . Since the rhesus monkey iris is not made up of striated muscle, the shorter latency may result from a more vigorous participation of the dilator muscle in the pupillary light Fig. 3 . Comparison of pupil responses to light flux increments, to chromatic changes rendered isoluminant by dynamic luminance contrast noise, and to equiluminant gratings (i.e., gratings of equal space-averaged luminance). The stimulus was in each case restricted to the centre of the display (disc diameter 18:8°for the fowl and 11:3°for the human experiment). The luminance of the uniform background field ($61°Â 49°) was kept constant at 16 cd m À2 . Each experiment involved a minimum of 10 s adaptation to the uniform background field before any measurements were taken. The stimulus was in each case presented as a 0.5 s flash and each pupil trace was recorded for 2.5 s. The grating stimulus had a contrast of 0.98 and spatial frequency of 1 c deg À1 . The light flux stimulus generated a contrast of 2.4 (i.e., an increment in luminance, dL=L b ¼ 2:4, where L b is the background luminance). The coloured stimulus was restricted to two directions in chromaticity space for which the stimulus is doubly isoluminant (Barbur et al., 1999) . These directions correspond to red and green colours in normal human vision. Data shown are for the red stimulus. The CIE-(x; y) background chromaticity was 0.305, 0.323 and the chromatic saturation corresponded to a displacement of 0.18 units away from background chromaticity. In order to minimise the detection of light flux changes in the fowl, the coloured stimulus was buried in dynamic luminance contrast noise (see methods section for details of stimulus generation). Graph A shows mean response traces averaged for eight hens. Graph B shows typical human responses measured with identical stimuli for one subject and at a viewing distance of 0.5 m (hence the smaller visual field size). The dotted trace in graph B was added from graph A so as to make easier the comparison of the human and the fowl response amplitudes and latencies.
reflex. This could be achieved by ''active relaxation'' of the dilator in response to an increment in light flux, with the corresponding active relaxation of the sphincter muscle during the redilation phase (Gamlin et al., 1998) . Although this explanation may account for the faster response latency in the rhesus monkey, the extent to which such a mechanism contributes to the shortening of the pupil response latency in the domestic fowl remains unknown.
As in many vertebrates, the steady-state diameter of the fowl pupil decreases with increasing ambient illumination (Schaeffel et al., 1986 ; see also Fig. 1) . The decrease in pupil size with increasing ambient light remains, however, relatively small. We have also estimated the mean pupil diameter of the fowl under more natural conditions in the paddock when fully adapted to very high levels of ambient daylight. This was done less accurately using digital photography and computer graphical methods. The results nevertheless, were surprising in that the sustained response to increased ambient illumination was weak, with pupil diameters as large as 4 mm. Occlusion of the eye followed by rapid exposure to daylight revealed a transient constriction of the pupil with rapid recovery of pupil size. Although pupil response to light must involve the projection of retinal ganglion cells to the pretectum, Edinger-Westphal nucleus (EWN), ciliary body, and iris (Erichsen et al., 2000) , our findings suggest that in the fowl the projection to the pupilloconstrictor neurones is dominated by transient interneurones with little sustained response. A recent behavioural study of flicker sensitivity in the fowl reveals properties consistent with a transient mechanism exhibiting bandpass characteristics with rapid high and low frequency fall-off in response sensitivity (Jarvis, Taylor, Prescott, Meeks, & Wathes, 2001 ). These findings suggest that the fowl's visual system is optimised for detection of novel events with diminished emphasis on sustained responses. The existence of both sustained and transient interneurones projecting to the pupilloconstrictor nucleus has been demonstrated in the cat (Sillito & Zbrozyna, 1970; Sillito & Zbrozyna, 1973) and must also be necessary to account for the transient and sustained components of the pupil response to light in human vision (Young & Kennish, 1993) .
The control of the pupil response to stimulus attributes other than light flux increments is by no means clearly understood. For example, the pupilloconstrictor neurones in the EWN, may well receive input from areas other than the pretectum (Gamlin & Reiner, 1991) . Such projections may account for pupil responses to other stimulus attributes when no increment in light flux is involved. The relatively large pupil response to the onset of a red stimulus indicates, as has long been suspected, that the domestic fowl pupil does not simply respond to absolute light levels and is probably, like that of humans and rhesus monkeys, modulated by other inputs.
Stimulus colour is known to be an important factor in determining the behaviour of the fowl (Osorio, Jones, & Vorobyev, 1999) . Since the pupil responds particularly well to red, but not green or to spatially structured stimuli, such as sinusoidal gratings, it is highly likely that a red colour signal may have special significance to the animal. Psychophysically, the domestic fowl has been shown to have good spectral sensitivity in the long wavelength range (Prescott & Wathes, 1999) , and to preferentially select red food (Roper & Marples, 1997) . Although in many previous studies, the relative brightness difference between differently coloured stimuli has not been adequately controlled, it is of interest to note that one day old chicks, for instance have a stronger initial preference for red rather than green or blue (Salzen, Lily, & McKeown, 1971) . Red may also indicate injury, and in laying hens a small amount of bleeding on one hen usually invites intense interest by others, often resulting in severe pecking damage and sometimes death. The response of the pupil to a red stimulus may not be accidental. The present findings suggest that the pupil response might therefore provide an easily quantifiable way of monitoring the significance of visual stimuli in the domestic fowl and other birds.
